HL-60 cells but was largely without effect on the mammary epithelial cells, rat kidney cells, or HL-60 cells induced to differentiate with dimethyl sulfoxide. Inhibited cells became smaller and cell death was accompanied by a condensed and fragmented appearance of the nuclear DNA, as revealed by fluorescence microscopy with 4',6-diamidino-2-phenylindole, suggestive of apoptosis. The findings correlate capsaicin inhibition of cell surface NADH oxidase activity and inhibition of growth that correlate with capsaicin-induced apoptosis.
Previous reports described a growth factor-and hormonestimulated NADH oxidase activity of rat liver plasma membranes (1, 2) . Several correlative studies have produced evidence for the involvement of this growth factor-responsive NADH oxidase in the control of cell proliferation (3) . The activity in transformed cells and tissues was distinguished from that of liver in that the growth factor and hormone responsiveness was lost in plasma membranes of transformed liver tissues. These studies were done with hyperplastic nodules of liver induced by the liver carcinogen 2-acetylaminofluorene (4) and with transplanted rat hepatomas (5) .
The NADH oxidase activity of liver plasma membranes is unique among oxidoreductase activities not only in its response to growth factors and hormones but also in its response to inhibitors and activators other than growth factors and hormones (3, 6, 7) . To further characterize this unusual NADH oxidase activity, studies were extended to include responses to quinone analogs. The activity has been shown to require quinones (8) but has been little characterized with respect to response to potentially inhibitory quinone analogs such as capsaicin (8-methyl-N-vanillyl-6-noneamide Eagle's medium containing cholera enterotoxin (100 ng/ml), insulin (10 ,ug/ml), hydrocortisone (0.5 ,ug/ml), epidermal growth factor (EGF, 20 ng/ml), and 5% horse serum. Medium was renewed every 2-3 days.
BT-20 human breast adenocarcinoma cells were cultured in Eagle's minimal essential medium nonessential amino acids and Earle's balanced salts supplement with 10% fetal bovine serum. Medium was renewed as for MCF-1OA cells.
Caov-3 human ovarian adenocarcinoma cells were cultured in Dulbecco's modified Eagle's medium with glucose (4.5 mg/ml) and 10% fetal bovine serum. Medium was renewed every 2-3 days.
Cell lines were from the American Type Culture Collection. Purification of Plasma Membranes from Rat Liver. The 5000 x g pellet from the preparation of Golgi apparatus (10) was the starting material. The fluffy layer, containing the Golgi apparatus fraction, was mixed, withdrawn, and excluded from the plasma membrane preparations. Cold 1 mM NaHCO3 (5 ml) was added to each tube and the friable yellow-brown upper part of the pellet was resuspended with a pen-brush, leaving the reddish tightly packed bottom part of the pellet undisturbed. The resuspended material was homogenized in aliquots of 5 ml each in a 30-ml stainless steel (Duragrind) homogenizer 20 times by hand. The homogenates were combined, diluted 1:1 with cold 1 mM NaHCO3, and centrifuged at 6000 X g in a Sorvall HB-4 (DuPont) rotor for 15 min. The supernatant was discarded and the pellet was used for the two-phase separation (11) .
The two-phase system contained 6.4% (wt/wt) dextran T-500 (Pharmacia), 6 .4% (wt/wt) poly(ethylene glycol) 3350
Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide; EGF, epidermal growth factor; NRK, normal rat kidney.
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(Fisher), and 5 mM potassium phosphate buffer (pH 7.2) (11). The homogenate (1 g) was added to the two-phase system and the weight of the system was brought to 8 g with distilled water. The tubes were inverted vigorously 40 times in the cold (4°C). The phases were separated by centrifugation at 750 rpm (150 x g) in a Sorvall HB 4 rotor for 5 min. The upper phases were withdrawn carefully with a Pasteur pipette, divided in half, and transferred into 40-ml plastic centrifuge tubes. The tube contents were diluted with cold 1 mM NaHCO3 and collected by centrifugation at 10,000 x g in an HB-4 rotor for 30 min. Plasma membrane pellets were resuspended in 50 mM TrisMes buffer (pH 7.2) and stored at -70°C. Protein concentration was determined with the bicinchoninic acid (BCA) assay (12) with bovine serum albumin as standard. Yields were 3-5 mg per 10 g of liver (13) .
The plasma membrane preparations from rat liver have been characterized extensively by both morphological and enzymatic criteria (11, 13) . From morphometric analysis using electron microscopy, the preparations contain 90 ± 4% plasma membrane. Contaminants include mitochondria (4%) and endoplasmic reticulum (3%). Based on analyses of marker enzymes, the contamination by endoplasmic reticulum was estimated to be 3%, that of mitochondria 15%, and that of Golgi apparatus 1%. Fluorescence Microscopy. Cells were grown for 72 hr on glass coverslips placed in small culture dishes with medium containing 100 ,uM capsaicin in DMSO or an equivalent amount of DMSO alone. The coverslips were rinsed, the cells were fixed in methanol, and the fluorescent dye 4',6-diamidino-2-phenylindole (DAPI) was added as described (14) . Cells were observed and photographed at a primary magnification of X400.
Materials. All chemicals were from Sigma unless otherwise specified. EGF was from mouse, culture grade, from Upstate Biotechnology (Lake Placid, NY).
RESULTS
Capsaicin was without effect on the NADH oxidase of plasma membranes from rat liver (Fig. 1) . However, with plasma membranes from HeLa cells, the activity was inhibited by capsaicin with an ED50 of about S nM (Fig. 1) . At 0.1 ,uM capsaicin, the activity was nearly completely inhibited.
Capsaicin also inhibited the growth of HeLa cells in culture (Fig. 2) . Without added EGF, growth was 50% inhibited at about 1 ,uM capsaicin. However, when the addition of capsaicin was followed by addition of EGF, growth was inhibited completely at 1 ,uM and 50% inhibited at a concentration of capsaicin between 10 and 100 nM (Fig. 2) . The latter correlated more closely with the dose-response of inhibition of NADH oxidase activity of the HeLa cell plasma membranes by capsaicin (Fig. 1) . EGF alone was either without effect or only slightly stimulatory to HeLa cell growth.
For a comparison of transformed and nontransformed cell lines of a common tissue type, MCF-1OA human mammary epithelial cells were compared with BT-20 human mammary adenocarcinoma cells. The specific NADH oxidase activity of the plasma membranes from BT-20 adenocarcinoma cells was -2.5 times that of the MCF-1OA mammary epithelial cell plasma membranes (Fig. 3) . The NADH oxidase activity of the plasma membranes isolated from the MCF-1OA cells was largely unaffected by capsaicin. With the BT-20 adenocarcinoma cells (Fig. 3) , NADH oxidase activity of isolated plasma membrane vesicles was inhibited by capsaicin to a specific activity value approaching that of the basal activity of the MCF-1OA mammary epithelial cells. Activity of the BT-20 mammary adenocarcinoma cells was about 50% inhibited by 1 ,uM capsaicin. Similarly, growth of MCF-1OA mammary epithelial cells was unaffected by capsaicin, whereas that of the BT-20 cells was 50% inhibited at about 1 ,tM (Fig. 4 ). (0) gives results where the capsaicin was followed after 10 min by the addition of 10 nM EGF. Results are averages from duplicate experiments.
With Caov-3 human ovarian adenocarcinoma cells we observed 50% inhibition of plasma membrane NADH oxidase activity at 10-100 nM capsaicin. Growth over 72 hr was inhibited at about 100 nM capsaicin (data not shown).
HL-60 cells grown in suspension were inhibited as well by capsaicin (Fig. 5) . However when the cells were induced to differentiate with DMSO, the cells became resistant to the inhibitory effects of capsaicin (Fig. 5 Inset) . The specific NADH oxidase activity of plasma membranes isolated from the HL-60 cells was about twice that of plasma membranes of HL-60 cells induced to differentiate with DMSO (Fig. 6 ). As with the mammary lines (Fig. 3) , the NADH oxidase activity of the plasma membrane vesicles from HL-60 cells was inhibited by capsaicin to a level equivalent to that of the NADH oxidase activity of the plasma membrane vesicles of HL-60 cells induced to differentiate with DMSO. With plasma mem- branes isolated from cells induced to differentiate with DMSO, the NADH oxidase activity resisted inhibition by capsaicin (Fig. 6) .
HL-60 cells resistant to doxorubicin were killed by capsaicin with approximately the same relative dose response relationship as nonresistant HL-60 cells (data not shown).
As an example of a non-cancer cell type, we examined the growth and NADH oxidase activity of NRK cells. Growth of the NRK cells was little inhibited by capsaicin except at the highest concentration tested, 100 ,uM (8% inhibited at 10 ,uM). NADH oxidase activity of plasma membranes isolated from NRK cells also was resistant to inhibition by capsaicin (15 5% inhibition at 100 ,uM).
Measurements of the diameters of treated HeLa cells taken directly from printed micrographs revealed that, on average, the cells treated with 100 ,M capsaicin in DMSO exhibited volumes "50% those of cells receiving an equivalent amount of DMSO alone. When the cells treated with capsaicin were stained to reveal DAPI fluorescence, a very large percentage of the treated cells showed nuclear DNA with the condensed and fragmented appearance characteristic of apoptotic cells (Fig. 7) .
DISCUSSION
Previous studies identified an NADH oxidase activity of the plasma membrane of rat liver (1-3), keratinocytes (6) , and plant stems (15) that was stimulated by hormones and growth factors. In cancer, the activity was constitutively activated and no longer hormone responsive (4, 5) . The NADH oxidase activity of rat liver plasma membranes required quinones for activity (8) . In plants, stimulation or inhibition of the activity correlated closely with inhibition or stimulation of growth (16, 17) .
NADH oxidase of petroleum ether-extracted plasma membranes was greatly reduced but could be restored by readdition of the extracts or by purified coenzyme Qlo (8) . The activity was inhibited as well by certain quinone inhibitors (8) .
In ovarian carcinoma cells was inhibited by capsaicin (8-methyl-N-vanillyl-6-noneamide), a quinone analog. In contrast to the NADH oxidase of the plasma membranes of the carcinoma cell lines, the NADH oxidase of plasma membranes from mammary epithelial cells, rat liver cells, or rat kidney cells was not inhibited. Similarly, the NADH oxidase of HL-60 (human promyelocytic leukemia origin) cells was inhibited by capsaicin, but upon induction of differentiation of the HL-60 cells with DMSO (9), the NADH oxidase activity of the isolated plasma membrane vesicles was much less inhibited.
Not only did capsaicin inhibit the NADH oxidase of plasma membrane vesicles from cancer cells and not that of normal cells, the substance exerted a parallel response on growth. Growth of HeLa was nearly completely inhibited by capsaicin, whereas growth of rat kidney cells and HL-60 cells induced to differentiate with DMSO was much less affected by capsaicin. With treated HeLa cells, nuclei exhibited patterns of fluorescence characteristic of apoptosis (14) . Thus, the cyanideresistant NADH oxidase of the plasma membrane appears to represent an enzymatic activity whose inhibition correlates with an inhibition of growth that precedes capsaicin-induced apoptosis in susceptible cancer lines.
